Introduction 27
With the development of urbanization and industrialization in China, there is a significant 28 increase in the amount of municipal solid waste (MSW) generated annually. According to China's 29
National Bureau of Statistics [1, 2] , the amount of MSW generation in China increased from 155.09 30 million tons in 2004 to 178.60 million tons in 2014. In addition, the annual MSW generation in 31
China is expected to reach over 480 million tons by 2030 [3] . MSW incineration has a number of 32 advantages, especially comparing with landfilling, including considerable waste volume reduction, 33 complete destruction of organic matter, energy recovery, and hence it now plays a significant role 34 in China's MSW management and disposal practices, processing more than a quarter of the total 35 MSW [4, 5] . However, the emissions of fine particulates, heavy metals, trace dioxins and acid gases 36 resulted from MSW incineration are causing major environmental and health concerns and therefore 37 boat is withdrawn away from the high temperature zone for natural cooling. In order to continuously 111 collect volatile heavy metals in different periods, when a sample is collected, the air supply to the 112 combustion chamber is suspended, and a new set of membrane filter is replaced immediately before 113 resuming the air supply with the whole process being completed in 5 seconds in order to minimize 114 the escape of the volatized heavy metals. The inner side of the membrane filter clamp is cleaned by 115 a solution of 5% HNO3 after sampling, and then the cleaning solution and glass fiber membrane 116 filters are digested in the same beaker. The residue in the alumina boat is also collected and is 117 digested. For each of the dynamic experiments reported in this paper, at least three repeated runs 118 have been completed. 119
Detection of Pb and Cd concentrations and data analysis 120
All samples collected in each period are digested in a solution of 10 ml HCl and 2.5 ml HNO3 121 at 95°C ± 5°C without boiling for 8 h according to the modified U.S. EPA method 3050b [23] . 122
Then, the acid solution is filtered with constant volume and analyzed by Atomic Absorption 123 Spectroscopy (AAS) to detect the concentrations of Pb and Cd. 124
The contents of heavy metals in the flue gas in this study are corrected using the content of 125 heavy metals in the bottom ash remaining in the alumina boat after incineration. The correction 126 takes account of the vaporized heavy metals lost to the walls of the furnace and pipes as well as 127 during the periods of changing filters. The corrected mass of a heavy metal in the flue gas (mir) in 128 the i th period is calculated by Equation (1 
Flue gas analysis 137
Concentrations of CO and CO2 in the flue gas are continuously analyzed by a gas analyzer 138 is different from that in the oxidizing atmosphere [17] . 143
Thermal gravimetric analysis of PbO and CdO 144
In order to understand the characteristics of the related heavy metal oxides investigated by this 145 study, the thermal gravimetric analyses of PbO and CdO are carried out with a NETZSCH STA 146 449C Thermogravimetric Analyzer. The weight losses (TG signals) of the samples are recorded 147 continuously under non-isothermal conditions within the temperature range from room temperature 148 to 1200°C at a linear heating rate of 20°C /min. The original mass of each sample is kept at ca. 149 10mg, and the gas flow rates of the air and CO under two different conditions are fixed at 100 150 ml/min. 151
Crystalline phase analysis 152
In order to identify the crystalline phases and heavy metal speciation of the residue after the 153 interactions between the heavy metals and the sulfur compounds, the heavy metal oxides and sulfur 154 compounds are evenly mixed and placed in the alumina boat and incinerated in the tube furnace. 155
The molar ratio of each heavy metal and sulfur (S/M) is fixed at 40, which is similar to that used in 156 the dynamic volatilization tests. Other experimental conditions including the air flow rate and the 157 heating program are also consistent with those of the dynamic volatilization tests (Section 2.1.3). 158
At the end of each test, the solid residue in the alumina boat is removed and turned into powder by 159 mortar and pestle after cooling. The crystalline phases and heavy metal speciation of the residue in 160 the alumina boat are then identified by the X-ray powder diffraction (XRD) analysis. 161
3
Results and discussion 162
Effects of sulfur compounds on the volatilization of Pb and Cd 163

Average volatilization rate 164
As shown in Figure 2 , the general trends for the average volatilization rates of Pb and Cd 165 against the temperature do not change when the sulfur compounds are added to the simulated MSW. 166
The average volatilization rates are small below 700°C but there are noticeable heavy metals 167 volatilizations. After the temperature reaches 700°C, the average volatilization rates of both Pb and 168
Cd start to increase rapidly and reach the maximum during the 90 th -105 th min (with the temperature 169 at 900°C), and then decrease with time (with the temperature remaining at 900°C). When no sulfur 170 compounds are added to the simulated MSW, Pb and Cd begin to volatize at 700°C to 800°C, similar 171 to the cases with sulfur compounds additions. When S is the added sulfur compound, the average 172 volatilization rates of Pb in all periods are smaller than those with no sulfur addition (Figure 2(a) ) 173 after the temperature reaches 700°C. On the other hand, after the addition of S, the average 174 volatilization rate of Cd has increased during the period of 70 th -105 th min when the temperature is 175 in the range between 700°C and 900°C and then decreased for the remaining period (Figure 2(b) ).volatilization rates of Pb and Cd remain similar to those with no addition of sulfur compounds, 178 indicating Na2SO4 has little influence on the volatilizations of Pb or Cd. 179
Cumulative volatilization rate 180
The dynamic cumulative volatilization rates of Pb and Cd during the incineration process are 181 shown in Fig. 3 . Adding S to the simulated MSW leads to an obvious reduction in the cumulative 182 volatilization rate of Pb. From Figure 3(a) , it can be seen that the cumulative volatilization rate of 183 Pb has decreased from 23.0% to 13.5% and 11.6%, respectively, with the additions of 1% S and 3% 184 S. The addition of a larger amount of S (1% vs 3%) has led to a greater reduction in the cumulative 185 volatilization rate of Pb. However, the additions of 1% Na2SO4 and 3% Na2SO4 have much smaller 186 impact on the cumulative volatilization rate of Pb which is only slightly reduced to 21.5% and 21.9% 187 respectively. These results indicate that S is better than Na2SO4 in inhibiting the volatilization of Pb. 188
Results shown in Fig.3 (Figure 4(a) ). The concentration of CO2 in the flue gas reaches the maximum level at about 600°C,stays at the high level until about 750°C, reduces gradually when the temperature is increased to 199 900°C and then is further decreased to less than 1% after the temperature remaining at 900°C for 200 20mins, which indicates the end of the simulated MSW combustion. Figure 4(b) shows that CO 201 begins to appear in the flue gas at about 460°C and its concentration increases rapidly after this 202 point. The concentration of CO reaches the maximum value of about 5800 ppm at about 550°C, 203 stays at this value until the temperature is about 610°C and then decreases rapidly to almost zero 204 ppm at 740°C. The concentration profiles of CO and CO2 in the flue gas shown in Figure 4 indicate 205 that the simulated MSW undergoes pyrolysis, gasification and combustion reactions and 206 experiences both reducing and oxidizing atmospheres during the incineration process in the tube 207 furnace. When the pyrolysis and gasification reactions are fast, more CO is generated than it can be 208 burned by the combustion reactions, hence resulting in the simulated MSW experiencing a period 209 of a reducing atmosphere in the tube furnace. At the later stage of the incineration (after 75 th min), 210 there is no CO detected in the flue gas (Figure 4(b) ), indicating the simulated MSW is further 211 incinerated under oxidizing conditions. 212
Thermal gravimetric characteristics of PbO and CdO 213
In order to understand the thermal gravimetric characteristics of PbO and CdO under oxidizing 214 and reducing conditions, TGA analyses of PbO and CdO have been carried out in the atmospheres 215 of air and CO, respectively and the results are presented in Figure 5 . Figure 5(a) shows the weight 216 loss of PbO in the gas flow of air begins at about 900°C, whereas in the gas flow of CO, it begins 217 at about 300°C. Similarly, Figure 5(b) shows the weight loss of CdO does not begin until the 218 temperature reaches about 1000°C in the gas flow of air, however, in the gas flow of CO, the weight 219 loss of CdO begins at a much lower temperature, about 300°C. These results indicate there is no 220 volatilization of PbO and CdO before 900°C under the oxidizing condition. However, there are 221 significant weight losses for both PbO and CdO before 900°C under the reducing condition. Under 222 the reducing condition, both PbO and CdO can react with CO to generate CO2 and the elemental 223 heavy metals according to (R1-R2). The generated CO2 and the subsequent volatilizations of Pb and 224
Cd lead to the observed reductions in the remaining sample weights before 900°C (Figure 5(a)-(b) ). 225
Comparing Figure 5 (a) with Figure 5(b) , it can be seen that CdO is reduced more easily than PbO 226 under the same reducing condition. At 900°C, more than 97% of CdO has been lost whereas the 227 weight loss of PbO is less than 14%. 228
(1) 229
XRD analysis 231
The crystalline phases and heavy metal speciation of the residue in the alumina boat after the 232 interactions between the heavy metal oxides and the sulfur compounds (Section 2.4) are identified 233 by the X-ray powder diffraction (XRD) analysis. As shown in Figure 6 (a), for the mixture of PbO 234 and S at 700°C, the bottom residue contains PbS, PbSO4 and PbO and this indicates that some PbO 235 has reacted with S and O2 to generate PbS and PbSO4. At 800°C, PbO is no longer in the bottom 236 residue and only PbS and Pb2(SO4)O can be found (Fig.6 (a) ). This indicates that when the 237 temperature reaches 800°C, all PbO has reacted with S and O2 to generate PbS and PbSO4 and all 238
Pb is fixed in the bottom residue in the form of PbS and condensed sulfate phase. Figure 6(b) shows 239 that at 700°C some CdO has reacted with S and O2 to generate CdS and Cd3O2SO4 but at 800°C the 240 bottom residue only contains a large amount of CdO (both larger diffraction peak intensity and peak 241 area) and a small amount of CdS. This indicates at 800°C Cd is largely remaining in the bottom 242 residue in the form of CdO, rather than is fixed as CdS in the bottom residue, contrasting to what is 243 observed with Pb in Figure 6 (a). Results in Figure 6 (c) and 6 (d) show that PbO and CdO do not 244 react with Na2SO4 even the temperature reaches 900°C, indicating that adding Na2SO4 to MSW will 245 have little influence on the volatilization of lead and cadmium below 900°C. 246
Discussion on the influence mechanisms of the added sulfur compounds on the 247 volatilizations of Pb and Cd during the simulated MSW incineration 248
The experimental results and analysis described in the above subsections (Subsections 249 3.2.1~3.2.3) can be used to deduce the influence mechanisms of sulfur compounds on the 250 volatilizations of Pb and Cd during the incineration of the simulated MSW (Section 3.1). Adding S 251 inhibits the volatilization of Pb from the incineration of the simulated MSW (Figure 2(a) and Figure  252 3(a)) and this is partly due to fact that the oxygen in the air combines with sulfur to produce sulfur 253 dioxide which is propitious to the formation of condensed sulfate phase [19，21, 24] . The presence 254 of S also leads to Pb fixation in the form of PbS which will more likely stay in the bottom residue 255 as the melting point and boiling point of PbS are higher than those of heavy metal oxides and sulfates 256 and the vapor pressure of PbS is lower than that of heavy metal oxides and sulfates [16, 17, 20, 25] . 257
The reasons for the promotional influence of the added S on the volatilization of Cd during the 258 incineration of the simulated MSW (Figure 2 
Conclusions 276
The dynamic volatilization processes of Pb and Cd during the simulated MSW incineration 277 with and without the addition of sulfur compounds (S and Na2SO4) have been investigated with a 278 tube furnace. Adding sulfur compounds to the simulated MSW have no effect on the volatilizations 279 of Pb and Cd below 700°C but the influences increase with temperature once it is above 700°C. 280
Adding elemental S to the simulated MSW inhibits the volatilization of Pb but also promotes the 281 volatilization of Cd. On the other hand, adding Na2SO4 to the simulated MSW has little influence 282 on the volatilization behaviors of Pb and Cd during the incineration process. 283
In order to elucidate the influence mechanisms of the added sulfur compounds on the 284 volatilizations of heavy metals (Pb and Cd) during the incineration process, additional tests have 285 been carried out. Considering the existence of both oxidizing and reducing atmospheres during theincineration process of the simulated MSW, the TGA tests of PbO and CdO have been carried out 287 under both oxidizing (in the gas flow of air) and reducing (in the gas flow of CO) conditions. The 288 interactions between the heavy metal oxides and the sulfur compounds have also been studied by 289 using the same tube furnace and the same temperature-programmed incineration process as the 290 dynamic volatilization tests of the simulated MSW and XRD analyses have been carried to identify 291 heavy metal species left in the solid residue. 292
These additional experimental results indicate the added S affects the volatilizations of Pb and 293
Cd in the simulated MSW during incineration through different mechanisms. For Pb, it is mostly 294 fixed in the bottom residue in the form of PbS and condensed sulfate phase and hence the added S 295 inhibits the volatilization of Pb during the incineration process. For Cd, only a small amount of Cd 296 is fixed in the form of CdS in the bottom residue and hence it is either released in the vapor phase 297 or remains in the original form of CdO in the bottom residue. As CdO can be reduced to Cd in the 298 reducing atmosphere experienced by the MSW at 700°C~800°C and the volatilization of Cd occurs 299 more easily than CdO, the added S thus promotes the volatilization of Cd during the incineration 300 process, contrasting to the volatilization of Pb which is inhibited by the added S. 301
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